The ability to measure electrical potentials on the nanoscale is becoming more and more important as the dimensions of the semiconductor device decrease. Nanoscale measurements of the potential distributions can provide information that can serve as a design guide for improving the performance of various devices. So far, scanning electron microscopy (SEM) and Kelvin probe force microscopy (KPFM) have been used for making electrical potential measurements. [1] [2] [3] Moreover, failure analyses of semiconductor devices have been done with active voltage contrast (AVC) and passive voltage contrast (PVC) in SEM 4, 5 and with PVC in helium ion microscopy (HIM). 6 The HIM (Orion Plus, Carl Zeiss), developed by Ward et al., 7 is an imaging technique. It has high spatial resolution (on the sub-nanometer scale) since a helium ion beam is extracted from stable single atoms and de Broglie wavelength of helium ions is shorter than that of electrons. HIM has higher spatial resolution than SEM or KPFM. Moreover, the data acquisition time of HIM is shorter than that of KPFM. Several experiments have been done using HIM. [8] [9] [10] [11] [12] Here, we report an experiment on AVC imaging using HIM and contact potential difference (CPD) imaging using KPFM when a voltage is applied to multilayer ceramic capacitors (MLCCs). To observe the electrical potential distribution of the cross-sectional surface of the capacitors, we applied a voltage to the internal electrodes while secondary electron (SE) images were being observed using HIM. The HIM results were compared with those of CPD imaging using KPFM, which has been used to measure electrical potential distributions. 2, 3, 13, 14 The specimens were inorganic solid MLCCs (EMK325BJ226 MM-P, TAIYO YUDEN CO., LTD.) with BaTiO 3 dielectric and Ni internal electrodes. Each specimen measured 3.2 Â 2.5 Â 2.5 mm. The interval between the two internal electrodes was 5 lm. The electrostatic capacitance of the specimen was 22 lF at room temperature (before cutting). We cut the MLCCs and mechanically polished the crosssectional surface to prepare smooth specimens. To apply a voltage, an all-solid-state Li-ion rechargeable battery (CBC050-M8C, Cymbet Co.) was connected to the external electrodes of the MLCCs. Figure 1 (a) shows a picture of the sample system. A compact rechargeable all-solid-state battery, which does not include any liquid, was used. This made it possible to transfer the sample together with the voltage application system into a vacuum chamber. Figure 1(b) shows a photograph of the sample system. We named one electrode the grounded internal electrode and the other the positively biased internal electrode. By using HIM, we observed the SE images of the specimens with and without a voltage applied to the internal electrodes. For comparison, CPD images of the same specimen used for the HIM observation were observed with KPFM. Published by AIP Publishing. 109, 051603-1
We conducted two experiments using HIM (Orion Plus, Carl Zeiss). In one, a voltage of 4.0 V was applied between the two internal electrodes. The internal electrode, which was connected to the negative side of the battery, was grounded. The applied voltages before and after the HIM measurement were the same. In the other experiment, a voltage of about 2 V was applied between the two internal electrodes. The internal electrode, which was connected to the negative side of the battery, was grounded. The applied voltages before and after this HIM measurement were 1.8 V and 2.1 V, respectively. Both internal electrodes were grounded when no voltage was applied. Moreover, we observed the SE images at the dwell times of 0.1, 0.2, 0.5, and 1.0 ls/pixel when 3.9 V was applied to the internal electrode, to investigate the influence of changing the scanning rate on the SE image. The internal electrode, which was connected to the negative side of the battery, was grounded. The applied voltages before and after the HIM measurement were the same. The conditions of the HIM measurement were as follows: acceleration voltage of 25.0 kV, incident ion current of 0.9 pA, dwell time of 0.2 ls/pixel, and repeat count of 256 times. The contrast and brightness were set to 44.6 and 21, respectively. A positively biased voltage was applied on the highly transparent fine mesh grid in front of the Everhart-Thornley (ET) detector to effectively attract the SEs. The applied voltage was þ500 V. The grid voltage did not influence on the SE intensity and line profile since this voltage was kept constant during the experiment. We analyzed the HIM observation data with Image J software. 15 We used an atomic force microscope (XE-100, Park Systems Co.). Both internal electrodes were grounded when no voltage was applied. When voltage was applied, a voltage of 4.2 V was applied between the two internal electrodes. The internal electrode, which was connected to the negative side of the battery, was grounded. The applied voltages before and after the KPFM measurement were the same. The KPFM measurement was performed in amplitude modulation mode. The conditions of the KPFM measurement were as follows: the cantilever was a Pt/Ir coated probe (PPP-EFM, NANOSENSORS), the resonance frequency of the cantilever was approximately 86 kHz, and the frequency of the applied ac voltage was 17 kHz. We analyzed the KPFM measurement data by using Gwyddion software. 16 The cross-sectional surface of the MLCCs with and without a voltage applied to the internal electrodes was observed using HIM. Figure 2(a) shows the SE image when no voltage was applied to the internal electrodes, and Figure 2(b) shows the line profile obtained from the area indicated in (a). Note that there were some holes, which were generated during sintering, in the plate-shaped electrode. 17 Discontinuities occurred in the Ni internal electrode regions of the crosssectional surface of the MLCC. The positions of the line profiles shown in the figures avoid regions with discontinuities. The SE intensity of the internal electrode region was stronger than that of the dielectric region. The contrast, which was affected by the different SE yield of each material, was observed. This phenomenon is known as material contrast. 18 Figure 2(c) shows an SE image when 4.0 V was applied to the internal electrodes. Figure 2(d) shows the line profile obtained from the area indicated in (c). As a result of applying a voltage, the gray-scale value at the grounded internal electrode increased 6% by comparison with the case when no voltage was applied (Fig. 2(d) ). On the other hand, the gray-scale value at the positively biased internal electrodes considerably decreased (about 30%). As the electrical potential of the positively biased internal electrodes became high as a result of applying a voltage, the electrical field between the ET detector and sample surface became weak. On the basis of the difference between the electric fields, the efficiency to which a SE reaches the ET detector from the grounded internal electrode is different from that of the positively biased internal electrodes, and that difference appears in the SE image as a voltage contrast. 19 An attenuation of the SE intensity from the grounded to the positively biased internal electrode was observed in the dielectric region. The attenuation was not monotonous. The SE intensity on both sides of the grounded internal electrode was emphasized (see the arrows in Fig. 2(d) ). Accordingly, the shape of the SE line profile around the grounded internal electrodes differs from that of the SE image around the positively biased internal electrodes. The KPFM measurement of the same sample did not show such structures in the dielectric region. (The results are shown below.) It is considered that the SE intensity on both sides of the grounded internal electrodes was emphasized since these areas were negatively charged.
Next, we applied a smaller voltage to the internal electrodes of MLCC than in the above experiment. Figure 3(a) shows an SE image of the cross-sectional surface of the MLCC without a voltage applied to the internal electrodes. Figure 3(b) shows the line profile obtained from the area indicated in (a). A material contrast can be seen. Figure 3(c) shows the SE image with a voltage (about 2 V) applied to the internal electrodes. Figure 3(d) shows the line profile obtained from the area indicated in (c). As a result of applying a voltage, the gray-scale value at the grounded internal electrode increased 7% by comparison with the case when no voltage was applied ( Fig. 3(d) ). On the other hand, the gray-scale value at the positively biased internal electrodes decreased 4%. Compared with the case in which 4.0 V was applied, the decrease in the SE intensity from the positively biased internal electrodes in the SE image was much smaller. Moreover, the influence of the charge-up decreased (shown by the arrows in Fig. 3(d) ). These experimental results showed that the SE images using HIM reflect the electrical potential difference. (a), (c), (e), and (g) . It can be seen that the SE intensity becomes larger as the scanning rate decreases. However, the correspondence of the line profiles with electrical potential profiles does not change when the scanning rate changes. It can be seen that the gray-scale values at the both sides of the grounded internal electrode is almost the same as those at the grounded internal electrodes and does not change when the scanning rate changes (see the arrows in Fig. 4(d) ).
Topographic and CPD images with and without a voltage applied to the internal electrodes were acquired by using KPFM. Figures 5(a) and 5(c) , respectively, show the topographic image without and with a voltage (4.2 V) applied to the internal electrodes. Figures 5(b) and 5(d) show the corresponding line profiles obtained from the areas indicated in (a) and (c). It was found that the topographic image did not change as a result of applying a voltage. The BaTiO 3 dielectric region was located about several nanometers above the Ni internal electrodes. The metal internal electrodes region was polished more than the dielectric region was. together with the CPDs in the CPD images from the KPFM measurements, we could quantitatively evaluate the electrical potential.
We observed SE images of the cross-sectional surface of MLCCs with and without voltage applied to the internal electrodes using HIM. When the voltage was not applied, the SE intensity of the internal electrode region was stronger than that of the dielectric region (material contrast). When the voltage was applied, the electrical potential difference between the grounded and the positively biased internal electrodes affected the contrast (voltage contrast). Attenuation of the SE intensity from the grounded to the positively biased internal electrodes was observed in the dielectric region. The results of our study showed that the SE images reflecting the electrical potential difference can be observed using HIM. To evaluate the resolution for the potential measurement on the nanoscale, we are planning to apply this measurement technique to a p-n junction of a solar cell. By combining the HIM observation, which has high spatial resolution, and KPFM measurement, which can evaluate the electrical potential quantitatively, it is possible to make the observation of electrical potential at high spatial resolution. One application of this technique would be a design guide for improving the performance of various devices. Another is to possible the observations of the materials with a low conductivity since the incident ion current, which we use in the HIM observation, is low enough for insulating materials (about 1 pA).
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